Dense ¢-sialon-15R ceramics were fabricated by hot pressing sintering method using aluminum dross as a raw material. The effect of hot pressing sintering temperature on densification, microstructure, mechanical properties and impurity were studied. The results indicated that the main phases of the ceramics were ¢-sialon and 15R AlN polytypoid at 1450, 1550, 1650 and 1750°C, and Fe 5 Si 3 as the main impurity was found. The salts impurities were evaporated from the sample sintered at 1750°C. Most of Mg cations from aluminum dross were incorporated into 15R grains. AlN polytypoids in the multiphase ceramics offer an effective path to reduce the glass phase formed from the oxide impurity in aluminum dross. The aspect ratio of elongated 15R grains increased quickly with the increase of sintering temperature, and a whisker-like microstructure was formed above 1550°C. The ¢-sialon-15R ceramics obtained the highest density of 3.2 g/cm 3 at 1750°C, and the Vickers hardness (Hv 10 ), bending strength and fracture toughness of the material could reach with the value of 12.3 GPa, 432 MPa and 4.31 MPa·m 1/2 , respectively. Fe 5 Si 3 impurity had a negative effect on the mechanical properties.
Introduction
Sialon ceramics exhibit great potential for engineering applications because of their excellent mechanical properties. 1) Conventionally, sialon ceramics are prepared by firing powder compacts of Si 3 N 4 , AlN, Al 2 O 3 and some oxide sintering additives at high temperatures via a liquid phase sintering mechanism.
2) High cost for the use of high-purity raw materials has being limited the practical application of sialon ceramics. Then many works were devoted to synthesizing sialon using low cost raw materials, including kaolinite, clay, bauxite, and industrial wastes such as fly ash, slag, etc. 37) In almost all cases, the researches mainly focused on the effects of initial material and reaction parameters on the synthesis of sialon powders. Although the existence of impurity in raw materials can lead to bad microstructure and poor mechanical properties, little study has been done on the situation of impurity in the sintering process and final materials.
Aluminum dross is a waste product from metallurgical plants and is produced on a daily basis in large quantities. 8) Therefore, there are economical and ecological advantages for the reuse of this wasteful aluminum dross. The basic compositions of aluminum dross are Al, Al 2 O 3 , SiO 2 , MgO and CaO. There have been previous attempts to recover of metallic Al and synthesize spinel out of aluminum dross. 9, 10) However, little literature is available on the use of aluminum dross to synthesize advanced ceramics, although its composition can be easily matched to that of the sialon ceramics if extra nitrogen is incorporated.
11)
Recently, we synthesized low cost ¢-sialon-15R ceramics from aluminum dross using pressureless sintering.
12) The influence of different addition amount of aluminum dross was studied in detail. When the addition amount of aluminum dross was 58 percent, the optimal phase composition and microstructure could be obtained at the final product. Although the synthesized ¢-sialon-15R ceramics showed a good whisker-reinforced microstructure, the density of the material was low. The further investigation on the densification, properties and impurity of aluminum dross-based sialon ceramics is necessary to estimate the effect of aluminum dross. In the present work, the optimal composition D2 (composed of 58% aluminum dross, 39% Silicon and 3% Si 3 N 4 ) in pressureless sintering was designed as the initial composition, and ¢-sialon-15R ceramic was fabricated by hot pressing sintering method. The effect of hot pressing sintering temperatures on densification, microstructure, mechanical properties and impurity of aluminum dross-based sialon ceramics was further studied.
Experimental Procedure
The aluminum dross (320 mesh) used in this work was provided by the aluminum recycling company Shanghai Sigma Metals Inc. The main chemical contents are Al (31.8%, in mass, the same as following), Al 2 O 3 (25.1%), SiO 2 (9.9%), CaO (3.6%), MgO (9.7%), Fe 2 O 3 (4.8%) and some other impurities such as NaCl, KCl, etc. Silicon powder (99%, 200 mesh) used as a reducing agent and Si 3 N 4 powder (96%, 320 mesh) added as seed are commercial products.
13) It has been reported that the optimal initial composition is D2 to synthesize sialon using aluminum dross, and D2 composed of 58% aluminum dross, 39% Silicon and 3% Si 3 N 4 is designed as the initial composition in this paper.
12) The raw powders were mixed by ball milling using silicon nitride medium with absolute alcohol for 12 h and then the dry mixed powders were sintered by hot pressing in a nitrogen atmosphere for 4 h under a pressure of 15 MPa, at 1450, 1550, 1650 and 1750°C, respectively (hereafter, named sample-1450, sample-1550, sample-1650 and sample-1750).
Bulk densities of the samples were measured according to the Archimedes principle. Phase identification was performed by X-ray diffraction (XRD, D/MAX 2550VL/PC) analysis with nickel-filtered Cu K¡ radiation. Differential thermal analysis (DTA) and thermogravimetric analysis (TG) of D2 powders were carried out on a NETZSCH STA-449C thermal analysis system with a rising temperature rate 10°C/min in flowing nitrogen. The sample weight was 30 mg. The sample pot was alumina with a depth of 5 mm and the reference material was alpha-alumina. Hardness and indentation fracture toughness were measured by using a Vickers diamond indenter under a load of 98 N for 10 s. Sintered samples were cut and ground into rectangular bar specimens (3 © 4 © 30 mm) for bending strength measurement, which was measured at room temperature with an INSTRON-5566 using the three-point bending test with a span length of 20 mm and a cross-head speed of 0.5 mm/min. Microstructure features were observed and analyzed by scanning electron microscopy (SEM, JSM-6460 and JSM-7600F) with EDS. TEM examination was performed on a JEM-2100F field-emission transmission electron microscope.
Results and Discussion

Densification and composition
In the earlier research, fully dense sample is hardly obtained by pressureless sintering. 12) Using hot pressure sintering method, the densification problem is effectively solved. It is noticeable that hot pressing temperature has a remarkable influence on the density of sintered sample. The densities of the sintered samples at different temperatures are presented in Fig. 1 . The sample-1450 attained a bulk density of 3.02 g/cm 3 . With increasing sintering temperature, sample density increased quickly. At 1750°C, the sample was almost fully dense and the bulk density reached 3.2 g/cm 3 . Higher hot pressing temperature would provide an effective way to accelerate the densification process. This is because the higher temperature facilitates the formation of the transient liquid phase and further promotes the grain growth. The XRD patterns of the samples sintered at different temperatures are shown in Fig. 2(a) . As can be seen from that, phase compositions of the samples sintered at different temperatures were basically similar, which were mainly composed of ¢-Sialon, 15R and small amount of Fe 5 Si 3 . Figure 2(b) shows the content of ¢-sialon and 15R varying with the sintering temperature. 15R firstly increased with increasing sintering temperature to 1550°C, and then decreased with further increase of the temperature. ¢-sialon showed a converse trend. With the higher sintering temperature, the more oxygen-rich transient liquid phase could facilitate the formation of ¢-sialon. The earlier research indicated that the main synthesis reactions have been completed below 1450°C. 12) When the sintering temperature was above 1450°C, the main phases were almost similar, and the influence of sintering temperature mainly focused on the density and microstructure of sintered samples. Figure 3 shows the typical microstructure evolution of different sintering temperatures. As indicated in Fig. 3 , with increasing sintering temperature, a tendency toward growing more elongated grains developed. Although ¢-sialon and 15R were determined via XRD to be the major constituent at 1450°C, the grain morphology was not clear. Sample-1550 yielded a microstructure that was similar to sample-1450. When the sintering temperature was 1650°C, significant microstructural difference was revealed between sample-1550 and sample-1650. Two new morphologically distinct crystalline phases emerged as elongated grains and equiaxed grains. EDS analysis showed the elongated grains to be 15R Figure 4 shows the fracture surface obtained from samples sintered at different temperatures. The large residual glass content of sample-1450 yielded a fracture surface that exhibited a relatively smooth and glassy appearance with less grain debonding. Sample-1550 yielded a microstructure that was similar to sample-1450, although small amount of elongated grains increased in the sample-1550. The fracture surface of sample-1650 and sample-1750 displayed different features from both sample-1450 and sample-1550. Microstructural features of interest included large elongated imprints on the surface, which were produced because of debonding from the matrix of elongated grains that were oriented approximately parallel to the fracture surface (Fig. 4(c) ). Elongated grains that protruded from the fracture surface and faceted holes in the matrix were also visible (Fig. 4(d) ). These features were the results of grains pulling out from the matrix during fracture. All these observations suggested the potential of in-situ toughening for the ¢-sialon-15R ceramics. The toughening effect of propagating cracks interacting with elongated grains has been recognized in the sialon system. 14) Mechanisms such as crack bridging, crack deflection, and grain pullout may all acted to increase the fracture toughness in ¢-sialon-15R ceramics.
Microstructure characteristics
Mechanical properties
The mechanical properties of the samples sintered at different temperatures are shown in Fig. 5 . As shown in Fig. 5(a) , the bending strength increased quickly with the sintering temperature increasing. This could be understood from the increase of the sample density. In addition, based on the microstructure observation and analysis, the amount of elongated sialon grains also increased with the sintering temperature increasing. The elongated sialon grains could increase the strength of the materials, just like the whiskerreinforced ceramic matrix composites. Figure 5 (b) showed the hardness as a function of sintering temperature. The hardness increased firstly and then decreases gradually with the increase of sintering temperature. The increase in hardness of the materials could be explained from the fact that a less "soft" glassy phase (with a hardness Hv 10 = ³9 to 10 GPa) was present in the microstructure.
1) The subsequent decrease in hardness may be caused by the change of the composition, the sialon increased gradually and 15R decreased when sintering temperature rised from 1550 to 1750°C.
As shown in Fig. 5(c) , the fracture toughness obtained the highest value of 4.56 MPa·m 1/2 at 1650°C. This could be attributed to the formation of elongated grains at this temperature. The amount of elongated sialon grains increased with the sintering temperature increasing, together with the larger aspect ratio, which was thought to be advantageous to facilitate the crack deflection and pullout of the elongated grains during fracturing. However, the fracture toughness decreased slightly at 1550 and 1750°C. This implied that the fracture toughness depended on not only the amount of elongated grains, but also other factors such as residual glassy phase, grain size and shape distributions. As indicated in Fig. 5(c) , the fracture toughness in sample-1650 and sample-1750 were higher than that in sample-1450 and sample-1550, so it was still concluded the elongated 15R grains were of benefit to the fracture toughness enhancement. Figure 6 shows the EDS mapping of sample-1450. As indicated in Fig. 6 , many impurities still exist, such as Fe, Ti, Mn, KCl and NaCl, etc. Furthermore, small silicon from raw material was still not nitrided. The nitridation of silicon was not complete at 1450°C. The EDS mapping of sample-1750 are shown in Fig. 7 . As shown in Fig. 7 , the main impurities are Fe and Ti. Some other impurities such as NaCl and KCl are not found in sialon ceramics. This is because that the melting point of salts is about 1450°C. With the sintering Influence of Hot Pressing Sintering Temperature on ¢-Sialon-15R Ceramics Synthesized from Aluminum Drosstemperature increasing to 1750°C, the salts impurities were evaporated from the samples during the sintering process. From Fig. 7 , the spatial distributions of Al clearly indicate the fibre-like AlN polytypoid grains were formed at 1750°C.
Impurity analysis
In order to clearly identify the situation of impurity in the final materials, TEM and EDS were used to investigate sample-1750. Figure 8(a) shows a typical microstructure of sample-1750. ¢-sialon grains were generally equiaxed, and 15R grains presented as a fibre-like morphology. Impurity phase Fe 5 Si 3 was found at triple junctions. Figure 8(b) shows a typical morphology of Fe 5 Si 3 . It is believed that Fe can react with Si to generate Fe x Si y . 15) Therefore, the impurity Fe from aluminum dross was retained at the final product in the form of Fe 5 Si 3 . From earlier studies on iron silicide inclusions in sialon materials, these inclusions have a negative effect on the mechanical properties. 16) According to the Table 1 , the aluminum dross-based ¢-sialon-15R is compared with the ¢-sialon-12H fabricated by high-purity raw materials.
17) The detrimental effect of Fe 5 Si 3 on the bending strength and fracture toughness has also been found in the present study.
EDS analysis of sample-1750 indicates that some impurity elements such as Cr and Mn can be found in Fe 5 Si 3 phase. The glassy phase is an oxygen-rich phase with the absence of obvious impurity. ¢-sialon grains is free of impurity, no metal cations enter. However, most of Mg cations from aluminum dross are incorporated into 15R grains and the content of Mg cations in 15R reaches 4.4%. It is believed that AlN polytypoid, having the capacity for incorporating a variety of metal ions into the interstices of the structure, will afford the possibility of making multiphase ceramics of much lower glass content. The study of Wang et al. on (Ca, Mg)-¡-sialon also indicated that the formation of magnesium containing AlN-polytypoid phase in the composite materials can provide a new approach to reduce the amount of glassy phase at the grain boundary.
18) From Fig. 8 , no obvious glass phases had been found at grain boundaries. Nevertheless, glassy phases may still be retained especially at triple junctions, but these may be isolated and fewer. To a certain degree, it is proved that AlN polytypoids in the multiphase ceramics offer an effective path to reduce the glass phase formed from the oxide impurity in aluminum dross.
Discussion of the reaction mechanism
According to the earlier research, a series of reactions occurred in D2 powders during its heating from room temperature up to 1400°C. 12) In the range 5001300°C, the following reactions occurred:
Above 1300°C, the following reactions occurred:
In order to clearly study the reaction process, DTA-TG was used to analyse D2 powders. DTA-TG curves of D2 powders in nitrogen are shown in Fig. 9 . From room temperature to 500°C, about 2.5% of the initial weight loss is accounted in TG. This is responded to the loss of water and volatiles. A small endothermic peak about 571.5°C occurs in DTA curves. This thermal event is assigned to that aluminum in D2 powders began to melt. The exothermic peak at about 842.4°C in DTA curves can be contributed to the nitridation of aluminum (eqs. (1) and (2)). At the same time, a remarkable weight change occurs Table 1 Properties of ¢-sialon-12H and aluminum dross-based ¢-sialon-15R.
¢-sialon-12H
Aluminum dross-based ¢-sialon-15R among 600 and 1000°C in the TG curves. A total weight gain of 4.49% corresponds to the nitridation of aluminum. The exothermic peak at about 1205.1°C in DTA curves can be contributed to the nitridation of silicon (eqs. (3) and (4)). A larger weight change occurs among 1000 and 1300°C in the TG curves. The nitridation of silicon corresponds to a total weight gain of 24.71%. At temperatures higher than 1300°C, an exothermic peak appears at 1386.4°C. This 1386.4°C peak corresponds mainly to the formation of ¢-sialon and AlNpolytypoid (eqs. (5) and (6)). From the TG curves, the weight gain indicates more nitrogen was involved in the formation of sialon above 1300°C.
Conclusions
Dense ¢-sialon-15R ceramics were successfully fabricated by hot pressing sintering using aluminum dross as a raw material. Fe 5 Si 3 as the main impurity was found. The salts impurities were evaporated from the sample sintered at 1750°C. Most of Mg cations from aluminum dross are incorporated into 15R grains. AlN polytypoids in the multiphase ceramics offer an effective path to reduce the glass phase formed from the oxide impurity in aluminum dross. The aspect ratio of elongated 15R grains increased quickly with the increase of sintering temperature, and a whisker-like microstructure was formed above 1550°C. The ¢-sialon-15R ceramics obtained the highest density of 3.2 g/cm 3 at 1750°C, the Vickers hardness (Hv 10 ), bending strength and fracture toughness of the material could reach with value of 12.3 GPa, 432 MPa and 4.31 MPa·m 1/2 , respectively. Fe 5 Si 3 impurity had a negative effect on the mechanical properties.
